Abstract: Amorphous In−Zn−O thin films were deposited with various hydrogen flow rates using a magnetron sputtering system. With the addition of hydrogen, the mechanical stability of the films was dramatically improved without any degradation of electrical properties and optical transmittance. The average change in the resistance of the sample deposited at a hydrogen flow rate of 0.4% was approximately six times lower than that in the sample deposited without hydrogen. Both, the compressive residual stress and absorption coefficient of the sample, decreased with hydrogen flow, indicating similar trends with the average change in the resistance. The absorption coefficient near 3.1 eV indicated that subgap state defects also decreased with increasing hydrogen flow rates. It was confirmed that the improvement in mechanical stability was derived from the suppression of subgap defects due to the hydrogen impurity. Thus, we demonstrated that hydrogen is a promising candidate for stabilizing the mechanical properties of oxide thin films.
Introduction
Recently, transparent electrodes (TEs) have assumed importance of the development of displays and electronic devices. TEs have been studied extensively owing to their high transmittance and electrical properties in the visible region [1] [2] [3] . There are various kinds of TEs, such as graphene, Ag nanowires, transparent conductive oxides (TCOs), and metal meshes. Among them, TCOs have been widely studied and employed in electronic devices such as organic light-emitting diodes (OLEDs), liquid crystal displays (LCDs), and touch screen panels (TSPs), because of their excellent optical and electrical properties [4] [5] [6] [7] [8] . Nowadays, with the increasing demand for flexible electronics, the issue with the mechanical stability of TCOs is attracting immense attention [5, 9, 10] . Mechanical stability under long-term bending stress is vital in flexible electrodes; however, studies on the stability are still lacking.
There have been many attempts to improve the mechanical properties of TCOs, using dopants, heat treatment, and amorphization [6, [11] [12] [13] [14] [15] . Microcracks, which deteriorate the mechanical properties of polycrystalline structure, mainly depend on the grain boundary that generate microcracks that comes from defects [16] [17] [18] [19] .
Therefore, polycrystalline TCOs such as c-In−Sn−O, c-Al−Zn−O, and c-Ga−Zn−O are not suitable for flexible devices as TEs due to the grain boundary which generates microcracks that are harmful 2 of 8 to the mechanical properties despite their high conductivity and optical transmittance [4, 11, 20, 21] . Consequently, amorphous TCOs such as a-In−Sn−O, a-In−Zn−O, and a-In−Sn−Zn−O have been studied for flexible devices with high mechanical stability and comparable electrical and optical properties to those of polycrystalline TCOs [12, [22] [23] [24] [25] [26] .
In previous study, we found the hydrogen introduction induces the improvement of the mechanical stability of a-In−Sn−O [12] . However, there is fatal problem that the region which In−Sn−O could be a stable amorphous state; it can be easily crystallized during device fabrication process. In contrast, In−Zn−O can maintain a stable amorphous state at higher temperatures about 500 • C. For these reasons, we focus on the amorphous In−Zn−O (a-IZO) owing to its excellent etchability, high crystallization temperature, and high electrical and optical properties that are comparable to those of c-In−Sn−O [25, 27, 28] . The a-IZO has stable electrical and optical properties in the amorphous form; these properties are maintained up to a crystallization temperature [25] . Despite the higher mechanical stability of a-IZO, the mechanical stability of a-IZO needs improvement. To this end, many kinds of dopants such as heavy or alkali elements have been doped in IZO, such as W, Zr, Ga, Ni, Li, Na, and K [4, 13, 14, 27, 28] .
Recent studies have clarified its crucial role in the physical properties of oxide semiconductors [12, [29] [30] [31] . In this study, we demonstrate the effect of hydrogen flow during sputtering on the mechanical properties of a-IZO thin films. If the hydrogen could suppress defects as within In−Sn−O, it could be a good candidate as a universal defect healer for In 2 O 3 based TCOs applied for flexible devices. For flexible applications, it is important to understand the role of hydrogen in oxide semiconductors. We believe that the mechanical stability could be improved by introducing an appropriate amount of hydrogen during sputtering, as the hydrogen may act as a defect healer by providing a hydrogen passivation effect, which is analogous to that observed for amorphous silicon [32, 33] . As a result, we confirmed that the mechanical stability of a-IZO thin films with hydrogen is dramatically improved by adding an appropriate amount of hydrogen, without any observable degradation in the electrical and optical properties.
Experimental Details
First, 150 nm thick In−Zn−O thin films were deposited on a polyethylene terephthalate (PET) substrate (50 by 50 mm 2 , t = 250 µm) using a conventional DC magnetron sputtering system with a single sintered IZO target (In 2 O 3 :ZnO = 90:10 wt.%, dia. 3 in., 5 mm t). The thin films were deposited without intensive heating using a mixed gas of Ar and H 2 at a total gas pressure of 0.7 Pa. The gas flow ratio of H 2 /(Ar + H 2 ) was varied 0%, 0.1%, 0.2%, 0.4% and 0.8% under a constant total gas rate of 20 sccm. The distance between the substrate and target was 70 mm, and a power of 110 W (2.7 W/cm 2 ) was applied to the sputtering target.
The films were approximately 150 nm thick, as confirmed using a spectral reflectometer (ST2000-DLXn, K-MAC, Daejeon, Korea). The crystal structures were determined by X-ray diffraction (XRD, Cu Kα, HADDS, BRUKER, Billerica, MA, USA). The electrical and optical properties were measured by Hall effect measurements (HMS-3000, ECOPIA, Anyang, Korea) and with a UV-visible spectrometer (SHIMADZU, UV-1800, Kyoto, Japan), respectively.
The dynamic bending properties of the thin films were estimated by measuring the change in resistance during the cyclic bending test with a digital multimeter (Agilent 34401A, Santa Rosa, CA, USA). The cyclic tests were performed on a rectangular sample with IZO thin films deposited on a PET substrate of size 10 by 40 mm 2 (t = 250 µm). The frequency of bending was 0.5 Hz with constant linear vertical movements, and the bending radius (r) was 5 mm. The cracks formed on the surface of the thin film were observed using optical microscopy (BX41M, Olympus, Tokyo, Japan).
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The residual stress of the thin films was estimated by a residual stress test (Residual stress tester, J&L Tech, Ansan, Korea) using a 300 µm thick Si substrate of size 5 by 50 mm 2 . The residual stress was estimated as follows Stoney Equation [34] :
where, E S is the Young's elastic modulus and h 1 and h 2 represents the thickness of thin film and substrate, respectively. R denotes curvature of sample and v s is Poisson's ratio of the substrate. The elastic modulus of Si substrate and the thickness of thin films were used to estimate the residual stresses. Figure 1 represents the XRD patterns of the IZO thin films deposited with hydrogen flow rates from 0.0% to 0.8% during sputtering processes. Every sample showed amorphous structure; the crystallization temperature of IZO thin film is almost 600 • C. where, ES is the Young's elastic modulus and h1 and h2 represents the thickness of thin film and substrate, respectively. R denotes curvature of sample and vs is Poisson's ratio of the substrate. The elastic modulus of Si substrate and the thickness of thin films were used to estimate the residual stresses. Figure 1 represents the XRD patterns of the IZO thin films deposited with hydrogen flow rates from 0.0% to 0.8% during sputtering processes. Every sample showed amorphous structure; the crystallization temperature of IZO thin film is almost 600 °C. The electrical properties of the a-IZO thin films are presented in Figure 2 . The electrical properties of IZO thin films could be affected by hydrogen; the hydrogen easily changed chemical state and they attribute to carrier density [12, 30] . However, the resistivity, carrier density, and mobility does not show observable change with various hydrogen flow rates and the values were similar with previous study [12] . As shown in Figure 2 , there are no significant differences in the carrier density and Hall mobility. Therefore, it is conjectured that hydrogen might form a deep energy level in a-IZO thin films. The electrical properties of the a-IZO thin films are presented in Figure 2 . The electrical properties of IZO thin films could be affected by hydrogen; the hydrogen easily changed chemical state and they attribute to carrier density [12, 30] . However, the resistivity, carrier density, and mobility does not show observable change with various hydrogen flow rates and the values were similar with previous study [12] . As shown in Figure 2 , there are no significant differences in the carrier density and Hall mobility. Therefore, it is conjectured that hydrogen might form a deep energy level in a-IZO thin films.
Results and Discussion

A dynamic bending test was conducted to evaluate the mechanical property of the a-IZO thin films. Figure 3a shows the changes in resistance (∆R/R 0 , where R 0 is the initial resistance) under dynamic bending with increasing cycles, and Figure 3b shows the surface images of the cracks generated on the thin film after the bending tests. Figure 3c,d shows the surface of the IZO films deposited without hydrogen after the dynamic bending test, and that deposited with a H 2 flow rate of 0.4%. Figure 3e shows a magnified view of the cracks. The IZO thin film deposited without hydrogen flow showed dramatic changes in resistance with increasing number of cycles and many microcracks were observed on the surface of the thin film after the bending test in Figure 3c hydrogen flow rates, the changes in resistance drastically decreased until a hydrogen flow rate of 0.4% [H 2 /(Ar + H 2 )] and increased again at higher hydrogen flow rates. The number of microcracks generated on the surface of the thin film exhibited a similar trend to the changes in resistance. There are distinct differences in the number of cracks, as observed in Figure 3c ,d. These results indicate that there exists a relationship between the change in the resistance and number of microcracks; this is because microcracks may serve as barriers to electron conduction, thereby increasing the electrical resistivity. A dynamic bending test was conducted to evaluate the mechanical property of the a-IZO thin films. Figure 3a shows the changes in resistance (∆R/R0, where R0 is the initial resistance) under dynamic bending with increasing cycles, and Figure 3b shows the surface images of the cracks generated on the thin film after the bending tests. Figure 3c ,d shows the surface of the IZO films deposited without hydrogen after the dynamic bending test, and that deposited with a H2 flow rate of 0.4%. Figure 3e shows a magnified view of the cracks. The IZO thin film deposited without hydrogen flow showed dramatic changes in resistance with increasing number of cycles and many microcracks were observed on the surface of the thin film after the bending test in Figure 3c ,d. On the other hand, with increasing hydrogen flow rates, the changes in resistance drastically decreased until a hydrogen flow rate of 0.4% [H2/(Ar+H2)] and increased again at higher hydrogen flow rates. The number of microcracks generated on the surface of the thin film exhibited a similar trend to the changes in resistance. There are distinct differences in the number of cracks, as observed in Figure  3c ,d. These results indicate that there exists a relationship between the change in the resistance and number of microcracks; this is because microcracks may serve as barriers to electron conduction, thereby increasing the electrical resistivity. Figure 4a,b shows the average changes in resistance during the dynamic bending tests and residual stress of the IZO thin films deposited with various hydrogen flow rates. The average changes in the resistance of the IZO thin films are approximately 100 times lower than those previously reported for an ITO thin film [12] ; this result seems reasonable considering that the more stable [12] ; this result seems reasonable considering that the more stable amorphous structure of a-IZO compared to that of a-ITO. [12] ; this result seems reasonable considering that the more stable amorphous structure of a-IZO compared to that of a-ITO.
The average ∆R/R0 of the thin film deposited with a hydrogen flow rate of 0.4% was 1.09 × 10 −5 , which is six times lower than that of the film deposited without hydrogen flow. Figure 4b shows that the residual stress of the IZO thin films has negative values, indicating that the residual stress on the IZO thin films is a compressive stress. The trend for the residual stress is similar to that for the changes in resistance, suggesting that the residual stress is negligibly dependent on the mechanical stability. The average ∆R/R 0 of the thin film deposited with a hydrogen flow rate of 0.4% was 1.09 × 10 −5 , which is six times lower than that of the film deposited without hydrogen flow. Figure 4b shows that the residual stress of the IZO thin films has negative values, indicating that the residual stress on the IZO thin films is a compressive stress. The trend for the residual stress is similar to that for the changes in resistance, suggesting that the residual stress is negligibly dependent on the mechanical stability. Figure 5a shows the transmittance and Figure 5b absorption coefficient (α) of the IZO thin films deposited with various hydrogen flow rates. The absorption coefficient is estimated from the equation α = −ln(T/(1 − R))/d, where T and R are the transmittance and reflectance, and d is the film thickness. All thin films showed high transmittance near 550 nm (~80%), and there was no significant difference for the different hydrogen flow rates. However, there exists obvious difference in the absorption coefficient that IZO thin film deposited with hydrogen flow showed lower α compared to deposited without hydrogen flow and the IZO deposited with hydrogen flow rate 0.4 % showed the lowest α at 3.1 eV. The mechanical stability of the thin films depends on defects such as vacancies and impurities, which in turn affect the subgap state. Decrease in both, the residual stress and subgap absorption, is achieved by introducing hydrogen flow during the deposition, because hydrogen acts as a defect healer to suppress subgap state defects. Thus, appropriate hydrogen flow during deposition can improve the mechanical stability by suppressing the subgap state defects, to thereby decrease defects.
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Conclusion
a-IZO films were prepared with various hydrogen flow rates during deposition using a magnetron sputtering system. The mechanical stability of the a-IZO thin films dramatically improved with appropriate hydrogen flow rates, without remarkable changes in the resistivity and transmittance. The average changes in resistance and residual stress dramatically decreased until a hydrogen flow rate of 0.4% and then increased again. The subgap absorption showed a similar trend with the residual stress. The subgap absorption near 3.1 eV was successfully suppressed with hydrogen flow. These results indicate that the hydrogen-terminated dangling bond in an amorphous structure behaves like the hydrogen in amorphous Si. This study demonstrates that an appropriate amount of hydrogen in thin films can effectively suppress subgap defects, thereby improving the mechanical stability. 
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